The microstructural properties of the primo-vascular systems of rabbits were examined by phase contrast x-ray microscopy. The primo-vascular systems with an average diameter of 32 m were extracted from the surfaces of the rabbit internal organs. Phase contrast x-ray imaging showed that the primo-vascular systems were tubules with random holes on their lateral surfaces. The size of the holes on the vascular surface was 2 -5 m. The holes might act as size selective channels for microcells coming in and out and assist in the unidirectional flow of the primo-vascular systems.
Acupuncture is used widely in traditional oriental medicine. However, the anatomical structure and therapeutic mechanism of acupuncture is still unclear. Recent studies reported that primo-vascular systems ͑called Bonghan ducts͒ channel the acupuncture signals. 1, 2 Primo vessels are novel threadlike structures with bumps known as Bonghan nodes and are found inside the blood vessels, lymphatic vessels, and on the surface of the internal organs. 1 The ultrastructural organizations of the primo vessels and Bonghan nodes were examined using a range of structural analysis techniques, including confocal laser scanning microscopy, 3 high voltage transmission electron microscopy, 4, 5 x-ray microtomography, 6 and atomic force microscopy. 7 These studies reported that primo vessels were microchannels that support the putative and possible circulatory systems speculated by its first discoverer, Dr. Bonghan Kim. 8 Structural studies of primo vessels reported that unlike endothelial cells in blood and lymphatic capillaries, primo vessels had their distinctive morphological features, including no basement membrane and accessory cells, many welldeveloped granular endoplasmic reticula, no adherens/gap junctions, and a small amount of pinocytotic vesicles. Primo vessels are easily dyed with Alcian blue and Trypan blue solutions. [9] [10] [11] Yoo et al. 12 suggested that the loose tissue matrix of lateral surfaces with openings and pores allow the infiltration of dye solutions into the external structure of primo vessels. However, the microstructural properties and mechanism of solution infiltration of primo vessels are unclear.
Phase contrast x-ray microscopy is used widely to examine the microstructural properties of biological systems, as well as condensed matters. [13] [14] [15] Unlike other techniques, phase contrast x-ray microscopy can describe the inside and outside of specimens in a wide range without destroying the specimen. Sample preparation and measurements take a relatively short period of time. These conditions are very important for living body experiments. The microstructural properties of primo vessels were examined by phase contrast x-ray microscopy. The three-dimensional ͑3D͒ x-ray microscopy measurements revealed small holes on the lateral surfaces of the primo vessels, which likely act as channels for the selective streaming of solutions. The holes on the primo vessels are quite different from the other channels of the cell membranes, including nerve systems and blood and lymphatic capillary vessels.
Primo vessels were obtained from the surfaces on the internal organs of New Zealand white rabbits. The treatments and abdominal dissection of the rabbits were performed carefully according to the international guidelines, which were in full compliance with the current international laws and polices. 16 Details of the surgical procedures are described elsewhere. 10 The phase contrast x-ray microscopy measurements were performed under two different conditions: ͑1͒ hanging in air and ͑2͒ on a Si wafer in a liquid N 2 environment. For the low temperature measurements, immediately after a primo vessel was extracted from the rabbit organ surface, it was placed on a 0.1 mm thick Si wafer and cooled immediately to 80 K using a liquid N 2 sprayer.
The phase contrast x-ray images were taken at the 7B2 and 1B2 beamlines at the Pohang Light Source. At the 7B2 beamlines for the tomography experiments, a white x-ray beam with a 2 mm thick aluminum plate filter was used to remove the x rays with lower energy. A 100 m thick CdWO 4 crystal and a charge-coupled device ͑CCD͒ camera with a model of 12 bit-mode-VM11M ͑Vieworks͒ were used for the scintillator and x-ray phase contrast images, respectively. The x-ray energy at a maximum intensity was 19 keV. The specimen to detector distance was 10 cm and the object lens had a 20 magnification. X-ray tomography images were taken from 0°to 180°with a step size of 0.18°. At the 1B2 beamline, high-resolution x-ray phase contrast images were taken with the incident x-ray energy of 6.95 keV. The x-ray energy was selected with a Ge͑111͒ double crystal monochromator. The x-ray exposure time was 90 s and the size of an image was 17.63ϫ 17.10 m 2 . Details of the phase contrast x-ray microscopy measurements are reported elsewhere. onstrate the high-resolution x-ray images of a primo vessel shown in Fig. 1͑a͒ . Since one image size is approximately 17.63ϫ 17.10 m 2 , the outer diameter of the duct in Fig.  1͑b͒ was estimated to be 32.0 m. The primo vessel contains wrinkled structures and small dents. These structures were located on the duct surface because the x ray was not strong enough to penetrate the duct. The x-ray image on an apophysis revealed a patch on the duct, as indicated by a black arrow in Fig. 1͑c͒ . X-ray tomography was performed to observe the internal structures of the primo vessel. Figure 2͑a͒ shows the phase contrast x-ray images near the apophysis of a primo vessel. A small dent part indicated by an arrow on the primo vessel was observed. The cross section image near the dent demonstrates more clearly that the dent is a hole connected to the inside of the primo vessel, as shown in Figs. 2͑b͒-2͑d͒ . The 3D image near the hole in Fig. 2͑e͒ showed that the hole was not a straight opening to the inside of the primo vessel. In the 3D images of Figs. 2͑f͒ and 2͑g͒, the middle-round-shape and right-end regions are the open parts and the shoe-shape region is the surrounding structure of the hole. The hole was bent and reduced inside the primo vessel. 3D imaging showed that the hole on the outer surface had an oval shape with long and short diameters of 5 and 2 m, respectively, whereas the internal diameter of the hole was approximately 1 m. Since the x-ray tomography measurements were performed in air, the primo vessel could be changed during the measurements due to dehydration.
Phase contrast x-ray images of primo vessels were taken in a liquid N 2 environment, as shown in Fig. 3 . Since primo vessels were wet and frozen, the x-ray images taken in a liquid N 2 environment were not as clear as those measured in air. However, holes on the primo vessels could still be observed clearly, as indicated by the arrows in Fig. 3 . Different sizes and shapes of the holes were spread over the entire primo vessels. The holes were observed mainly near the apophyses. However, some small holes were found in the straight regions. The average distance of the holes was approximately 0.5 mm. The outer size of the hole was varied from a 2 to 5 m. Some holes were bent or slant, as shown in Fig. 2 , but the others were straight openings. Figures 3͑d͒  and 3͑e͒ show the cross sections of the front and back parts of the hole shown in Fig. 3͑c͒ . The cross sections demonstrate the openings on both sides. The holes did not pierce the primo vessel perpendicularly but were formed on opposite sides. No hole was observed in the blood and lymphatic vessels, as shown in Figs. 3͑f͒ and 3͑h͒ .
Holes on the primo vessels are likely to act as channels for solution flow. Previous studies reported that the primo vessels could be dyed easily with an Alcian blue or Trypan blue solution. 10, 11 A solution outside the primo vessels could be flown into the ducts through the holes. Since the hole size was 2 -5 m, cells with a size of less than 5 m can pass through the holes. The internal diameter of a hole was less than the external size, suggesting that inflow is relatively easier than outflow. This indicates that the dye solutions did not come out and spread over a long distance through the primo vessels. [9] [10] [11] [12] Furthermore, bent or slant holes, as shown in Fig. 2 , can assist the one directional flow of a solution in primo vessels. This is consistent with a previous report of the unidirectional flow of a dye solution in a primo vessel. 10 The holes on a primo vessel are quite different from the channels on a blood or lymphatic capillary vessel. Material exchange between the blood capillary vessels and tissues occurs through the pores between the endothelial cells or through endothelial cells, as a result of the electric potential difference, as shown in Fig. 3͑g͒ . A solution flows into a lymphatic vessel through the crevices between the two layers of ducts, as shown in Fig. 3͑i͒. A pressure difference between   FIG. 1 . ͑a͒ Phase contrast x-ray microscopy image from a primo vessel measured in air. ͓͑b͒ and ͑c͔͒ High-resolution phase contrast x-ray microscopy images of the duct.
FIG. 2. ͑Color online͒ ͑a͒
The phase contrast x-ray microscopy image of a primo vessel with a hole indicated by an arrow. ͓͑b͒-͑d͔͒ Cross sections of near the hole at different positions. ͑e͒ 3D image near the hole. ͓͑f͒ and ͑g͔͒ The structure of the hole. FIG. 3 . ͑Color online͒ ͓͑a͒ and ͑c͔͒ The phase contrast x-ray microscopy images of holes on the primo vessel. ͑b͒, ͑d͒, and ͑e͒ are the cross sections of the holes in ͑a͒ and ͑c͒, respectively. ͓͑f͒ and ͑h͔͒ The cross sections of rabbit blood and lymphatic vessels measured in the air, respectively. ͓͑g͒ and ͑i͔͒ Schematic diagram of the blood and lymphatic capillary vessels, respectively.
the inside and outside of a lymphatic vessel is the driving force for a solution to sink into the vessel. Holes on the vessels of living bodies are quite rare and have not been observed. It is unclear if the holes on the primo vessels had thin screens due to the resolution limit of the phase contrast x-ray microscope. However, the primo vessel was dyed with an Alcian blue or Trypan blue solution, suggesting that there is no screen on the holes of the primo vessels. Blood and lymphatic vessels cannot be stained with an Alcian blue or Trypan blue solution.
The holes of the primo vessels might act as selective channels. Previous studies reported the flow of round or plate shaped microcells in the primo vessels. 4, 10, 18, 19 The size of the microcells in the rabbit primo vessels was varied from 0.5 to 20 m. The maximum hole size of the rabbit primo vessels was approximately 5 m, as determined by phase contrast x-ray microscopy. Therefore, microcells with a size Յ5 m can flow in and out of the primo vessels. The primo vessels include microcells ͑called sanal͒ containing DNA. The size of the microcells was estimated to be 0.5-2 m. 7, 18, 19 The microcells can pass through the holes on the primo vessels, whereas the other cells with a large size cannot flow out from the primo vessels. These results suggest that the microcells with DNA are delivered to the organs through the holes on primo vessels.
In conclusion, primo vessels of rabbits were examined by phase contrast x-ray microscopy. X-ray microscopy revealed the primo vessels to have small holes with a diameter of 2-5 m on their surfaces. The holes likely act as channels for size selective flow between the organs and primo vessels. No hole channel was observed in the animal vessels. Phase contrast x-ray microscopy provides opportunities to examine the microstructural properties of outside and inside living bodies with no destruction of the specimens. With a better resolution and strong x rays, phase contrast x-ray microscopy can describe the microstructural properties of membranes, including plasma membranes, blood capillary vessels, and lymphatic capillary vessels. The microcells in the capillary vessels can also be examined by phase contrast x-ray microscopy.
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